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FOREWORD 
The work reported herein was sponsored by the Marshall Space 
Flight Center (Mr>FC), NASA. The results of tests presented were obtained 
by ARO, Inc. (a subsidiary of Sverdrup and Parcel & Associates, Inc.), 
contract operator of the Arnold Engineering Development Center (AEDC), AFSC, 
Arnold Air Force Station, Tennessee. Ascent and reentry conditions were 
simulated on shuttle models designed by McDonnell Douglas (MDAC), North 
American Rockwell (NAR) and General Dynamics Convair (GDC). In addition a 
limited amount of data were obtained on two research models provided by the 
Langley Research Center (LRC). Because of the broad scope of these tests 
the data will be presented in a series of SADSAC reports. This report pre-
sents the results of the phase-change paint test conducted at Mach 8 in Tunnel 
B on the McDonnell Douglas Delta Wing Orbiter. 
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NOMENCLATURE 
ALPHA-MODEL (a) 
ALPHA-PREBEND 
ALPHA-SECTOR 
H(TO) 
or 
H 
Model angle of a t tack , deg 
Sting prebend angle, deg 
Tunnel sector p i tch angle, deg 
Heat-transfer coe f f i c i en t based on Taw = T 0 , 
BTU/ft2 - sec - °R, and 
H(.9T0) 
H(.85T0) 
HREF 
H(TO) = PN/PCK/N/AT 
where p i s obtained from 
Tnr - Ti 
^c_ 
'aw 
— = l _
 e& erfcB 
i 
and At ^ del time 
Tp c i> phase-change paint temperature, °R 
T^  ^ i n i t i a l model temperature, °R 
Taw ^ adiabat ic wal l temperature, °R 
* W -v. model material propert ies = 0.11-0.008(/\t)' /2 
BTU/ f t 2 -sec 1 / 2 - °R 
Heat t ransfer coe f f i c i en t based on Taw = 
!!eat t ransfer coe f f i c i en t based on T ,, = .85T0 
aw " 
Reference heat t rans fer coe f f i c ien t based on Fay-Riddell 
theory, BTU/ft2-sec °R 
8.139(P01)0-5 (MU-0)0-4 (1-P-INF/P01)0-2 5 
(RN)0.5-(T0J0.15 
[0.2235 + 0.0000135 (T0 + 760)] 
where POl ^ stagnation pressure downstream of a normal 
shock, psia 
MU-0 ^ a i r v iscos i ty based on T 0 , I b f sec / f t 
RN ^ reference nose rad ius, (0.011 f t ) 
HREF = 
v 
L 
MU-INF 
P-INF 
P0 
Q-INF 
RE/FT 
ROLL-MODEL 
ST(TO) 
STREF 
T-INF 
TO 
TW 
TIME 
DEL TIME (A t ) 
V-INF (V ) 
YAW 
X,Y,Z 
YMAX 
Model l eng th (21.35 i n . ) 
p 
Free-stream v i scos i t y , l b - s e c / f t 
Free-stream s t a t i c pressure, psia 
Tunnel s t i l l i n g chamber pressure, psia 
Free-stream dynamic pressure, psia 
Free-stream un i t Reynolds number, f t 
Model r o l l angle, deg 
Stanton number based on T 0 , 
-1 
H(T0) 
ST (TO) =
 pjm~io m 2235+0". 0000135~~( T 0 W n f T ] x ' ( 32~."l 7) 
Reference Stanton number 
'o X | pc' 
STREF HREF pjm [0.2235+0.0000135 Tf0+Tp c^TxT3"2;T7T 
Free-stream s t a t i c temperature, °R 
Tunnel s t i l l i n g chamber temperature, °R 
Model wal l temperature, °R 
Time from s t a r t o f model i n j e c t i o n , sec 
Time model exposed to a i rs t ream, sec 
Free-stream v e l o c i t y , f t / sec 
Model yaw angle, deg 
Model coordinates (see F ig . 1 ) , i n . 
Local semi-span at a given model s t a t i o n , i n . 
v i 
SECTION 1 
INTRODUCTION 
This report presents the resul ts o f a wind tunnel tes t program 
to determine aerodynamic heat t rans fer d i s t r i bu t ions on the McDonnell 
Douglas o rb i t e r conf igura t ion. The tests were conducted at the Arnold 
Engineering Development Center (AEDC) in Tunnel B of the von Karman Gas 
Dynamics Fac i l i t y (VKF). The tes t period was in June 1971. 
Heat-transfer rates were determined by the phase-change paint 
technique on 0.011-scale StycastvVmodels using TempilaqWas the surface 
temperature ind ica to r . The nominal tes t condit ions were; Mach 8, length 
Reynolds numbers of 4.5 x 10 and 6.6 x 10 , and angles o f attack from 10 
to 60 deg in 10-rdeg increments. At the higher Reynolds number, data were 
obtained with and without boundary layer t r i p s . 
Model d e t a i l s , t es t cond i t ions, and reduced heat- t ransfer data 
are presented in th i s repor t . Data reduction of the phase-change paint 
photographs was performed by VKF personnel u t i l i z i n g a new technique which 
is described in the data presentation sect ion. 
1 
SECTION 2 
MODELS AND APPARATUS 
2.1 MODEL DESCRIPTION 
Model drawings were provided ARO, Inc. by the McDonnell Douglas 
Corporation and fabrication of two Stycast models was subcontracted to 
the Grumman Aircraft Corporation. The two models (Configuration Nos. 21 and 
22) were geometrically the same, but Configuration 22 had a 1.0-in. long 
steel nose and windward centerline pressure orifices. A sketch showing 
the overall model dimensions is presented in Fig. 1 and a photograph of 
Configuration 21 is shown in Fig. 2. Table 1 provides additional con-
figuration description details but it should be pointed out that the models 
were cast as one smooth surface without moveable control surfaces. 
Six-in.-diam hemispheres were cast from the same batch of Stycast 
used to cast the orbiter models so that the Stycast thermal properties 
could be determined from calibration runs on the hemispheres. Also 
Chromel-Alumel thermocouples were cast into the models approximately 
1/8-in. from the surface to measure the initial model temperature. 
2.2 FACILITY DESCRIPTION 
Tunnel B is a continuous, closed-circuit, variable density 
wind tunnel with an axisymmetric contoured nozzle and a 50-in.-diam test 
section. The tunnel can be operated at a nominal Mach number of 6 or 8 at 
stagnation pressures from 20 to 300 and 50 to 900 psia, respectively, at 
stagnation temperatures up to 1350°R. The model may be injected into the 
tunnel for a test run and then retracted for model cooling or model changes 
without interrupting the tunnel flow. 
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SECTION 3 
PROCEDURES 
3.1 TEST TECHNIQUE 
Prior to each run the model was cleaned and cooled with alcohol 
and then spray painted with Tempilaq. In most cases the windward and 
leeward surfaces were sprayed with different paints since the leeside 
surface temperatures were generally lower than the windward surface tempera-
tures. The models were installed on the model injection mechanism at the 
desired test attitude and the model temperature was measured with a 
thermocouple probe or with the model-embedded thermocouples. During the 
course of the test many of the embedded thermocouples became inoperative and 
the probe temperature was generally used to determine the model initial 
temperature. The model was then injected into the airstream for approxi-
mately 20 seconds and during this time the model surface temperature rise 
produced isotherm melt lines. The progression of the melt lines was 
photographed with 70-mm sequenced cameras operating at 2 frames per 
second. 
Since the maximum Reynolds number was not sufficient to produce 
fully turbulent flow, boundary layer trips were used to induce transition 
so that turbulent heating levels could be determined. . For a = 10 and 20 deg 
the trips consisted of 0.030-in.-diam steel spheres spot welded 1.0-in. from 
the model nose with about 0.060-in. between spheres. At the other angles 
of attack (a = 30,40,50,60) closely-spaced surface irregularities were 
applied to the entire windward surface (bottom) of the model. The 
application method consisted of dabbing small dots of Barco Bondvlvadhesive 
3 
in about 1-in. intervals on the bottom surface of the model and then 
sprinkling the surface with No. 46 g r i t (% 0.015-in.-diam). Several pieces 
of g r i t adhered to each dot, resulting in a small surface i r regular i ty 
approximately 0.025-in. high. 
3.2 TEST CONDITIONS 
Nominal test conditions are presented in the data summary sheets 
(Table 2). As mentioned in the forword this test was part of a comprehensive 
Space Shuttle investigation and as a result the run numbers are not 
consecutive. Also since three cameras were used simultaneously the Data 
Sunnary sheets are divided into bottom, side and top surfaces. The specific 
test conditions for each run (or group) are provided on the data tabulation 
sheets preceding each set of melt line tracings. 
3.3 DATA REDUCTION 
The data reduction procedures used in this SADSAC report are 
somewhat more involved than previously used since the melt lines are trans-
formed into body coordinates. 
During each run the tunnel conditions and time of each picture 
were recorded on magnetic tape. The heat transfer coeff icient for each 
picture was calculated from the semi-inf inite slab transient heat conduction 
equation. 
TPC " T i = 1 - e62 erfc 3 
Taw " T i 
where B = -7== and /pcJT = 0.11 - 0.008 SEt~ 
The equation for the thermal properties (/pck) of Stycast was obtained by 
evaluation of a considerable amount of hemisphere cal ibration data and 
o^ . supplemented by VKF laboratory measurements. 
r*-
Heat-transfer coefficients were calculated for assumed adiabatic 
wall temperatures of T0 , 0.9To, and 0.85TQ (see tabulated data sheets). The 
use of three values of Taw provides an indication of the sensi t iv i ty of the 
heat-transfer coeff icient (h) to the values of Taw assumed. For the sake 
of consistency a l l plots and melt lines in this report are based on T a w 3 TQ 
All heat-transfer coefficients were non-dimensionalized by 
dividing by the stagnation point heat-transfer coeff icient (Ref. 1) on a 
0.011-ft radius sphere (a 1-ft radius sphere scaled down by the model 
scale). 
SECTION 4 
DATA PRESENTATION 
The test results are presented as individual melt contours 
in body coordinates grouped as follows: 
Model Surface Re/ft a, deg 
Bottom 2.5 x 106 10,20, 40, 
50,60 
3.7 x 106 10,20,30,40 
fi 50,60 
3.7 x 10° fl 
( t r i ps ) * 
Side 2.5 x 106 10,20, 40, 
60 
3.7 x 106 10,30,40 
3.7 x 106 30,40,50,60 
( t r ips) * 
Top 2.5 x 106 10,20,30,40/ 
50,60 
* a t 30 t r ips on bottom surface only. 
5 
Model Surface Re/ft a, deg 
W Top 3.7 x 106 10,30,40 
3.7 x 106 30,40,50, 
(trips)* 60 
* a - 30 trips on bottom surface only. 
Preceding each set of melt contours is a tabulated data sheet which lists 
the specific test conditions and the time of each picture with the corres-
ponding heat-transfer parameters. Following each set of bottom surface 
contour plots are axial and spanwise data plots. 
These figures were machine generated utilizing a data reduction 
technique recently developed at the VKF. This technique has simplified the 
tedious film reading task and provided body coordinates of melt line con-
tours on magnetic tape. 
The 70-mm film was projected onto an 8 x 10-in. glass plate and 
an experienced engineer traced the melt line contours. In regions of 
relatively constant heating a distinct melt line 1s extremely difficult 
to define and 1n some cases the melt line tracings were terminated 
because of poor definition. Of course, the melt line tracings are in 
picture plane coordinates, whereas body coordinates are desired. The 
transformation to body coordinates was accomplished as follows: 
1) The model coordinates were measured at many model stations 
with a modified Sheffield Cordax coordinate measuring machine 
(Model 200), 
2) the camera locations relative to the model were determined, 
3) using the principles of photogrammetry and the information 
obtained 1n steps 1 and 2, the model coordinates were 
^ transformed into the film plane, 
6 
C 
4) the body coordinates of a given melt line were then obtained 
by interpolation in the film plane, with the results being 
stored on magnetic tape. 
The level of the heat-transfer coefficient associated with each 
melt line was obtained by the procedure outlined in Section 3.3. 
Table 3> Page 21, presents a summary of these plotted data. 
REFERENCES 
1. Fay, J. A. and Riddell, F. R. "Theory of Stagnation Point Heat Transfer 
in Dissociated Air." Journal of the Aeronautical Sciences, Vol. 25, 
1958, pp. 73-85. 
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Table l 
Configuration Description Details 
MODEL COMPONENT: BODY - MDAC Orbi ter 
GENERAL DESCRIPTION: Basic fuselage contours including canopy. 
Model scale: 0.011 
DRAWING NUMBER: 255 BJ 00050, Rev. B 
DIMENSIONS: 
Length (ft.) 
Max. Width 
Max. Depth 
Fineness Ratio 
Area (ft.2) 
Max. Cross-Sectional 
Planform 
Wetted 
Base 
FULL-SCALE 
156,4 
MODEL SCALE 
27.1 
30.3 
627.4 
3790.0 
12520.0 
447.0 
1.720 
.298 
.333 
.0759 
.459 
1.515 
.0541 
Note: All units are ft. or sq. ft. 
These data include both sides of the vehicle. 
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Table l - continued 
MODEL COMPONENT: Elevon - MDAC Orbiter 
GENERAL DESCRIPTION: Model Scale: 0.011 
DRAWING NUMBER: 255 BJ 00050, Rev. B 
DIMENSIONS: 
Area , ft2 
Span (equivalent), ft. 
Inb'd equivalent chord, ft. 
Outb'd equivalent chord, ft. 
Ratio Elevator chord/horizontal 
tail chord 
At Inb'd equiv. chord 
At Outb'd equiv. chord 
Sweep Back Angles, degrees 
Leading Edge 
Tailing Edge 
Hingeline 
Area Moment (Normal to hinge line) 
FULL-SCALE 
963. 
73.7 " 
12.8 
12.8 
0, 
0, 
0, 
.0 
.0 
.0 
MODEL SCALE 
.117 
.811 
141 
141 
0.0 
0.0 
0.0 
Note: All units are ft., sq. ft., or degrees. 
These data include both sides of vehicle. 
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Table 1 - continued 
MODEL COMPONENT: Body Flap - MDAC Orbiter 
GENERAL DESCRIPTION: Model Scale: 0.011 
DRAWING NUMBER: 255 BJ 00050, Rev. B 
DIMENSIONS: FULL-SCALE MODEL SCALE 
Area, ft2 
Span (equivalent), ft. 
Inb'd equivalent chord, ft. 
Outb'd equivalent chord, ft. 
Ratio Elevator chord/horizontal 
tail chord 
At Inb'd equlv. chord 
At Outb'd equiv. chord 
Sweep Back Angles, degrees 
Leading Edge 
Tailing Edge 
Hingeline 
Area Moment (Normal to hinge line) 
140.88 
23.81 
5.333 
12.80 
0.0 
0.0 
0.0 
.0170 
.262 
.0587 
.JH 
0.0 
0.0 
0.0 
Note: All dimensions in ft., sq. ft., or degrees. 
These data include both sides of vehicle. 
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Table l - continued 
MODEL COMPONENT: Wing - MDAC Orbiter 
GENERAL DESCRIPTION: Model Scale: 0.011 
DRAWING NUMBER: 255 BJ 00050, Rev. B 
DIMENSIONS: . FULL-SCALE MODEL SCALE 
TOTAL DATA 
Area ft 
Planfortn 5330. .645 
Wetted 
Span (equivalent), ft. 
Aspect Ratio 
Rate of Taper 
Taper Ratio 
Diehedral Angle, degrees 
Incidence Angle, degrees 
Aerodynamic Twist, degrees 
Toe-In Angle 
Cant Angle 
Sweep Back Angles, degrees 
Leading Edge 
Trailing Edge 
0.25 Element Line 
Chords: (ft.) 
Root (Wing Sta. 0.0) 
Tip, (equivalent) 
MAC 
Fus. Sta. of .25 MAC 
W.P. of .25 MAC 
Airfoil Section 
Root 
Tip 
EXPOSED DATA 
Area, ft.2 
Span, (equivalent), ft. 
Aspect Ratio 
Taper Ratio 
Chords (ft.) 
Root 
Tip 
MAC 
Fus. Sta. of .25 MAC 
W.P. of .25 MAC 
Note: All units are ft., sq. ft. or degrees 
97.5 
1.68 
0.230 
10.0 
2.0 
0 
0 ' 
0 
55.0 
0 
47.0 • 
90.43' 
20'. 00 
63.30 
0010-64 
0012-64 • 
3147.3 
70.b . 
1.47 
71.25-
20.30 
52.20 
. 
I.U/3 
1.68 
.230 
10.0 
2.0 
0 
0 
0 
55.0 
0 
47.0 
.995 
.^9 
.696 
0010-64 
6612-64 
.381 
.lib 
1.47 
.784 
.220 
.574 
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Table l - continued 
MODEL COMPONENT: Rudder - MDAC Delta Wing Orbiter 
GENERAL DESCRIPTION: Model Scale: °'011 
DRAWING NUMBER: 255 BJ 00050, Rev. B 
DIMENSIONS: FULL-SCALE 
W " 
Area, ft. 
Span (equivalent), ft. 
Inb'd equivalent chord, ft. 
Outb'd equivalent chord, ft. 
Ratio Elevator chord/horizontal 
tail chord 
At Inb'd equiv. chord 
At Outb'd equiv. chord 
Sweep Back Angles, degrees 
Leading Edge 
Tailing Edge 
Hinge!ine 
Area Moment (Normal to hinge line) 
213, 
27, 
9, 
6. 
,9 
.5 
.50 
.10 
30 
13 
19 
.369 
.369 
.0 
.38 
.95 
MODEL SCALE 
.0259 
.303 
,105 
.0671 
.369 
,369 
30.0 
13.38 
19.95 
Note: All units are ft., sq. ft., or degrees. 
w 
14 
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Table l - concluded 
MODEL COMPONENT: Vertical Tail - MDAC Orbiter 
-GENERAL DESCRIPTION: Model Scale: 0.011 
DRAWING NUMBER; 255 BJ 00050, Rev. B 
DIMENSIONS: 
TOTAL DATA 
.-*"% 
Area. ft. 
Planform 
Wetted 
Span (equivalent), ft. 
Aspect Ratio 
Rate of Taper 
Taper Ratio 
Diehedral Angle, degrees 
Incidence Angle, degrees 
Aerodynamic Twist, degrees 
Toe-in Angle 
Cant Angle 
Sweep Back Angles, degrees 
Leading Edge 
Trailing Edge 
0.25 Element Line 
Chords: (ft.) 
Root (Wing Sta. 0.0) 
Tip, (equivalent) MAC 
Fus . 
W.P. 
Airfoi l 
Root 
Tip 
EXPOSED DATA 
Sta. of .25 MAC 
of .25 MAC 
Section 
Area, ft. 
Span, (equivalent), ft. 
Aspect Ratio 
Taper Ratio 
Chords (ft.) 
Root 
Tip 
, MAC 
Fus. Sta. of .25 MAC 
W.P. of .25 MACi 
FULL-SCALE 
580.0 
MODEL SCALE 
,702 
\ ' 
27.5 
1.30 
.638, 
o • 
0 
0 : 
0 
0 
30.0 
13.4 
Zb.Z . 
,25.75 ' 
16.42 
21.43 
, 
0009-64 
6669-64 • 
580; 
2/.b 
1.30 
.638 
25.75 • 
16.42 : 
21.43 
.303 
1.30 
.638 
0 
0 
0 
0 
0 
30.0 
13.4 
26.2 
.283 
.181 
.236 
0009-64 
0009-64 
.702 
.303 
1.30 
.638 
.283 
.181 
.236 
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